Nickel-titanium shape memory alloys ͑NiTi͒ are potentially useful in orthopedic implants on account of their super-elastic and shape memory properties. However, the materials are prone to surface corrosion and the most common problem is out-diffusion of harmful Ni ions from the substrate into body tissues and fluids. In order to improve the corrosion resistance and related surface properties, we used the technique of plasma immersion ion implantation and deposition to deposit an amorphous hydrogenated carbon coating onto NiTi and implant carbon into NiTi. Both the deposited amorphous carbon film and carbon plasma implanted samples exhibit much improved corrosion resistances and surface mechanical properties and possible mechanisms are suggested. © 2005 American Vacuum Society. ͓DOI: 10.1116/1.1897702͔
INTRODUCTION
Nickel-titanium alloys ͑NiTi͒ are potentially useful in orthopedic applications because of their shape memory and super-elastic properties. 1 However, in the human body, harmful Ni ions can leach out into the surrounding body fluids and tissues. 2, 3 Therefore, an effective barrier layer or a mechanism to impede the out diffusion of Ni is necessary. Carbon coatings [4] [5] [6] [7] [8] [9] [10] and titanium carbide 11, 12 layers have been shown to possess excellent biocompatibility and good mechanical strength. Besides, they are chemically inert and may be suitable candidates as nickel out-diffusion barriers. While the deposition of a surface coating is potentially a good solution, strong film adhesion is necessary and so the research must also focus on the formation of a strong interface such as a graded layer. In addition, the use of ion implantation to modify the surface properties may be an alternative. Even though the surface properties may not be as good as those of a coating, there does not exist an abrupt interface in an ion implanted sample and film delamination is much less serious. Therefore, we studied both techniques in this work. First of all, we used plasma immersion ion implantation and deposition ͑PIII&D͒ [13] [14] [15] [16] [17] to deposit an amorphous hydrogenated carbon coating on NiTi. To enhance film adhesion, a graded C/NiTi interface was first produced followed by the deposition of an amorphous hydrogenated carbon film using Radio Frequency ͑RF͒ C 2 H 2 PIII&D. In our second experiments, we used C 2 H 2 PIII to implant carbon into NiTi substrate to produce a carbide layer to improve the surface properties of the materials. Our objective is to investigate whether and to what extent can an amorphous carbon layer formed by PIII&D or carbide layer produced by PIII enhance the surface anticorrosion and mechanical properties of NiTi shape memory alloys.
EXPERIMENT
Discs l mm thick with a Ni atomic percent of 50.8% were grinded, polished, and ultrasonically cleaned with acetone and ethanol before deposition or implantation in our plasma immersion ion implanter. The deposition and implantation parameters are displayed in Table I . Before PIII&D, a glow discharge 18, 19 was ignited in C 2 H 2 ambient at Ϫ30 kV for 20 min to produce a graded carbide layer to enhance film adhesion. The C 2 H 2 plasma was sustained throughout the entire PIII&D process and so the dominant process here ͑Sample 2 in Table I was deposition because the implantation duty cycle ͑100 s ϫ 100 Hz= 1%͒ was very small. In contrast, during PIII alone ͑Sample 3 in Table I͒, the C 2 H 2 plasma was ignited only when a high voltage pulse was applied to the sample. The predominant process here was thus implantation with very little deposition because there was no plasma formation between the high voltage pulses.
The elemental depth profiles and Ti and C chemical states were determined by x-ray photoelectron spectroscopy ͑XPS͒ using a Physical electronics PHI 5802. Nanoindentation tests ͑MTS Nano Indenter XP͒ were conducted from five randomly selected areas to determine the average hardness and Young's modulus of the treated and control samples. The electrochemical tests 20, 21 based on the ASTM G5-94 ͑1999͒ and G61-86 ͑1998͒ protocols were performed by a potentiostat ͑VersaStat II EG&G͒ using a standard simulated body fluid ͑SBF͒ at a pH of 7.42 and temperature of 37± 0.5°C. The ion concentrations in the SBF are very similar to those in human blood plasma. 22 A cyclic potential from Ϫ400 mV to ϩ1600 mV was scanned at a rate of 600 mV per hour. Before the electrochemical tests, the medium was purged with nitrogen for l h to remove dissolved oxygen and nitrogen purging continued throughout the measurements. The Ni and Ti concentrations in the SBFs after the electrochemical tests were determined using inductively coupled plasma mass spectrometry ͑ICPMS͒. Figure 1 depicts the XPS depth profiles obtained from the untreated control, deposited, as-implanted, and implanted and annealed samples. The profiles have been plotted on a depth scale based on sputtering rates calculated from a SiO 2 reference under similar conditions. Since it is well known that the sputtering rate changes in the surface region and is different from that of SiO 2 , the thicknesses of the carbon layer and implanted zone shown in Fig. 1 are approximate, but comparison among different samples is more valid. Figs. 1͑c͒ and 1͑d͒ illustrate that the annealing process broadens the implanted layer. It is also obvious from the depth profiles that the Ni content is suppressed in the implanted region. This can be explained by the bond strengths of Ni-C versus Ti-C. The heat of formation of TiC is −184 kcal mol −1 , 23 but that of NiC is not well established and the Ni-C phase diagram does not show stable carbides. The term nickel carbide may only stand for interstitial solid solutions of C in Ni which possess the NaCl structure. 24 The formation of Ti-C is easier and Ni is segregated out of the TiC phase. This phenomenon is consistent with our previous results that were attributed to the high affinity of titanium towards carbon and oxygen under high temperature annealing. 25 It was found that the affinity of oxygen to different elements was the key to the oxygen-induced segregation behavior [25] [26] [27] thereby providing a driving force to enrich the surface with the element forming a stronger chemical bond. As reported in Ref. 25 , the heat of formation of nickel oxide is −58 kcal mol −1 while that of the lowest titanium oxide is −217.4 kcal mol −1 , and so the formation of titanium oxide is energetically preferred over that of nickel and this is believed to account for the suppression of Ni in the implanted and annealed region. In this study, a small amount of oxygen was coimplanted into the samples as a result of the non-UHV ͑ultra high vacuum͒ implantation conditions in our PIII instrument, 17 and more oxygen was introduced during annealing to the imperfect vacuum. This may further accentuate Ni segregation from the near surface region. It should be noted that such segregation behavior is common in semiconductors. For instance, our previous work on SiGe shows the formation of SiO 2 is so energetically favored that Ge is segregated out of the SiO 2 layer. 28 The chemical states of titanium and carbon in the deposited as well as implanted and annealed samples determined by XPS are shown in Fig. 2 . The Ti2p and C1s peaks measured at different sputtered depths ͑series͒ disclose that in the deposited sample ͓Figs. 2͑a͒ and 2͑b͔͒, only ␣ carbon can be detected in the top 11 nm. From about 11 to 68 nm, the chemical shifts are not significant indicating that the Ti to C ratio remains less than 0.15 ͑Ref. 29͒ and the data show a film consisting of predominantly carbon. At greater sputtered depths, chemical shifts representative of carbide emerge 30 corroborating our success to fabricate a graded carbide interface between the carbon film and substrate. As shown in Figs. 2͑c͒ and 2͑d͒ acquired from the implanted and annealed samples, the shift from ␣ carbon to carbide occurs at 11 nm ͑series 3͒ indicating that an implanted zone has been formed.
RESULTS AND DISCUSSION
The hardness results and Young's modulus were derived based on nano-indentation data ͑Fig. 3͒. In the control sample, both the hardness and Young's modulus are quite stable throughout the depth of measurement. The hardness is 4.5 GPa while the Young's modulus is about 57 GPa. In the deposited sample, the maximum hardness is 7 GPa at 50 nm from the surface. It decreases very slowly and reaches a con- stant value of 5.5 GPa at 165 nm. The Young's modulus, being about 55 GPa, is quite constant throughout the depth of the measurement. 31 The lower hardness and Young's modulus values in the first 20 nm of the deposited sample are probably due to the surface substances such as moisture or oxides. In the implanted and annealed sample, the maximum hardness is 9.5 GPa at around 40 nm from the surface and gradually diminishes to 4.5 GPa at 150 nm from the surface. The highest Young's modulus value of 110 GPa is found at the topmost layer and then it decreases gradually achieving a rather constant value of 70 GPa between 100 and 150 nm from the surface. It should be noted that these are higher than that of the control sample of 57 GPa. Our results show that the Young's modulus of the deposited carbon coating is 3.5% smaller than that of the substrate whereas the hardness is 22-56% higher. Hence, the carbon coating is mechanically stronger than the substrate, or at least comparable to the latter. As to the implanted and annealed sample, the hardness of the treated layer is 111 to 11% greater than that of the substrate while the Young's modulus is 93 to 23% higher throughout the depth of the measurement. Thus, the carbide layer is also mechanically stronger than the substrate. The high hardness of titanium carbide can be attributed to the presence of high degree of covalent bonding. 32 Although the hardness and Young's modulus obtained in our experiments are not as high as those claimed by Miyoshi et al. in Ti x C y , 33 mechanical enhancement has unambiguously been demonstrated.
The results of our electrochemical tests are shown in Fig.  4 while the important results are summarized in Table II. Here, E corr , V pass , and I pass represent, respectively, the corrosion potential, the highest potential within the passive region, and the median current within the passive region that is the current corresponding to the potential at the middle between V pass and E corr . Our results show that V pass increases by three times for both treated samples while I pass decreases by 67% for the deposited sample and by 21% for the implanted and annealed sample. The higher E corr and V pass and smaller I pass all suggest improvements in the corrosion resistance. During our test, breakdown occurred after 272 mV and the current increased significantly to 10 −2 A in the control sample ͑1͒. In contrast, for the deposited ͑2͒ and implanted and annealed ͑3͒ samples, the currents remained at relatively low levels even after 1600 mV had been reached. The enhancement in corrosion resistance for the carbon film may be attributed to the reduced electrical conductivity in comparison to NiTi alloys. The exchange of electrical charges at the sample surface is reduced, and so is the extent of the electrochemical corrosion. 34 Apart from this, carbon is inherently chemically inert and titanium and carbon form very strong and inert carbide bonds in the implanted samples. This may play a role in its good corrosion resistance as well.
The SBF solutions after the electrochemical tests were analyzed for Ni and Ti concentrations by ICPMS. The results show that the amount of Ni leached from the control ͑un-treated͒ sample during the electrochemical test is about 30 mg/l ͑ppm͒ and three and a half orders of magnitude higher than those detected from the deposited and implanted samples that are very close to the instrumental detection limits. The ICPMS results furnish strong evidence that either PIII&D or PIII can effectively impede the out diffusion of Ni from the NiTi shape memory alloys.
CONCLUSION
We have deposited amorphous hydrogenated carbon thin films and implanted carbon into NiTi substrates by PIII&D. The carbon coating formed on the substrate has a graded carbide interface thereby strengthening film adhesion. Titanium carbide is formed in the PIII and annealed samples. Both sets of treated samples exhibit much better corrosion resistance compared to the untreated control sample based on our corrosion test and ICMPS analysis of the SBF. Mechanically, the implanted and annealed carbide layer is stronger than the NiTi substrate, while the deposited carbon coating is a little stronger or at least comparable to the NiTi substrate. Thus, we have demonstrated that PIII&D is effective in improving the corrosion resistance and mechanical properties of orthopedic NiTi shape memory alloys.
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